. These studies have shown that The human cerebral processing of noxious input from skin and muscle the contralateral primary sensorimotor cortex (MI/SI) and was compared with the use of positron emission tomography with secondary somatosensory cortex (SII), anterior insular corintravenous H 2
the nondominant (left) forearm on a scale ranging from 0 to 100 with 70 as pain threshold. Cutaneous pain was produced with a high-lobule (BA 40), lenticular nucleus, premotor cortex, cerebelenergy CO 2 laser stimulator. Muscle pain was elicited with high-lar vermis, supplementary motor area, and dorsal midbrain intensity intramuscular electrical stimulation. The mean ratings of have shown pain-related activation in one or more of these perceived intensity for innocuous and noxious stimulation were studies. In the study by Coghill et al. (1994) , the cerebral 32.6 { 4.5 (SE) and 78.4 { 1.7 for cutaneous stimulation and 15.4 { processing of cutaneous pain was compared with that of 4.2 and 73.5 { 1.4 for intramuscular stimulation. The pain intensity vibrotactile stimulation, and it was found that only the anteratings and the differences between noxious and innocuous ratings rior insula was significantly more activated with painful were similar for cutaneous and intramuscular stimuli (P ú 0.05).
stimulation. This suggests that there is a substantial overlap After stereotactic registration, statistical pixel-by-pixel summation (Z score) and volumes-of-interest (VOI) analyses of subtraction images in the cerebral processing of noxious and innocuous stimuli, were performed. Significant increases in rCBF to both noxious cuta-but also that some cerebral structures may participate neous and intramuscular stimulation were found in the contralateral uniquely in pain processing (Coghill et al. 1994) . Indeed, secondary somatosensory cortex (SII) and inferior parietal lobule the cerebral processing of cutaneous innocuous warmth stim- [Brodmann area (BA) 40] . Comparable levels of rCBF increase uli and noxious heat stimuli has recently been shown to were found in the contralateral anterior insular cortex, thalamus, and cause distinctly different synaptic activation patterns (Casey ipsilateral cerebellum. Noxious cutaneous stimulation caused signifiet al. 1996) . However, in comparing the regional cerebral cant activation in the contralateral lateral prefrontal cortex (BA 10/ blood flow (rCBF) changes induced by cutaneous contact 46) and ipsilateral premotor cortex (BA 4/6). Noxious intramuscular stimulation evoked rCBF increases in the contralateral anterior cingu-heat pain with those induced by deep cold pain, it was found late cortex (BA 24) and subsignificant responses in the contralateral that the brain activation patterns showed a considerable overprimary sensorimotor cortex (MI/SI) and lenticular nucleus. These lap, because the contralateral anterior cingulate, anterior inactivated cerebral structures may represent those recruited early in sula/lenticular nucleus, and premotor cortex and the ipsilatnociceptive processing because both forms of stimuli were near pain eral thalamus and cerebellar vermis were activated by both threshold. Correlation analyses showed a negative relationship beforms of noxious stimulation (Casey et al. 1996) . These tween changes in rCBF for thalamus and MI/SI for cutaneous stimuresults suggest that different forms of noxious stimulation lation, and positive relationships between thalamus and anterior insula for both stimulus modalities. Direct statistical comparisons between produce similar, but not identical patterns of increases in innocuous cutaneous and intramuscular stimulation with the use of Z rCBF. However, because cold noxious stimulation activates scores and VOI analyses showed no reliable differences between these both cutaneous, subcutaneous, muscle, periosteal, and vetwo forms of noxious stimulation, indicating a substantial overlap in nous nociceptors (Klement and Arndt 1992), it would be brain activation pattern. The comparison of noxious cutaneous and of great interest to compare two forms of noxious stimulation intramuscular stimulation indicated more activation in the premotor that are more selective. cortex, SII, and prefrontal cortex with cutaneous stimulation, but these There are no available human data for the cerebral prodifferences did not reach statistical significance. The similar cerebral cessing of pain from muscles (Mense 1993). Although sevactivation patterns suggest that the perceived differences between acute skin and muscle pain are mediated by differences in the intensity eral techniques can be used to induce experimental muscle and temporospatial pattern of neuronal activity within similar sets of pain in humans (Svensson and Arendt-Nielsen 1995) , PET forebrain structures. activation studies require stimulus paradigms in which the onset and offset of the stimulus can be adequately controlled.
I N T R O D U C T I O N
We therefore used high-frequency (20-Hz) intramuscular electrical stimulation for selective activation of muscle afferThe cerebral processing of cutaneous pain in humans has recently been investigated with positron emission tomogra-ents. For activation of cutaneous nociceptive afferents, a For all subjects two stimulus intensity levels were identified: a high-energy CO 2 laser stimulator was used (Bromm et al. We reasoned that similar, near-threshold perceptions of pain intensity caused by different stimulus modalities would PET maximize the possibility of identifying common cerebral structures with the lowest threshold for nociceptive activa-A Siemens PET Scanner (ECAT, CTI 931/08-12) was used for data acquisition. The subjects were positioned in the PET scanner tion. Differences in activation patterns would then best be parallel to the canthomeatal line with their eyes closed. Before the explained by physiological differences between the noxious emission scans, a transmission scan with the use of 68 Ga ring stimuli.
sources was obtained for attenuation corrections. The subjects then received a total of eight injections of 2-3 ml 50-mCi H 2 15 O. The
bolus injections in the right antecubital vein were administered over 10 s by a computer-controlled pump. Approximately 12 min Subjects elapsed between repeated scans. Each scan provided 15 slices with Eleven healthy males (30.4 { 3.5 yr of age, mean { SE) without axial plane spacing of 6.75 mm (10-cm field of view), in-plane pain or neurological diseases participated in the study. Written reconstructed resolution of 7-8 mm at full-width half-maximum informed consent was obtained before study inclusion in accord (FWHM), and axial resolution of 7-8 mm at FWHM. An on-line with the guidelines put forward by the Veterans Affairs Medical computer connected to the PET gantry monitored the arrival of the Center and by the Institutional Review Board for Human Studies injected tracer in the brain. Image acquisition was started 5 s after at the University of Michigan. All subjects had refrained from arrival and continued for 60 s. A Pranzen filter with cutoff fresmoking and from the consumption of alcohol or caffeine for the quency of 0.45 cycles per projection element was used to construct 24-h period before the study. None of the subjects were taking the obtained images. Subsequent analyses were based on the raw analgesics or centrally acting drugs.
cumulative counts from the scans. For each subject, the PET images from the two repetitions of the same condition were averaged. These PET images in a subject were then coregistered with each Psychophysics other (head motion correction) and realigned to a standard stereoThe detection threshold was defined as the lowest stimulus inten-tactic system (Talairach and Tournoux 1988) by automated procesity required for the subject to report a sensation. The pain threshold dures described previously (Minoshima et al. 1992 . Differwas defined as the lowest stimulus intensity required for the subject ences in brain anatomy were minimized by an automated method to report a sensation of pain ''just barely painful.'' Both thresholds that incorporated a nonlinear thin plate warping algorithm were determined with the methods of limits with the use of three (Bookstein 1989) as adapted for PET brain images by Minoshima ascending and three descending series of stimulation. The pain et al. (1994) . Image pixel intensities were normalized to global threshold was anchored as 70 on a 100-point vertical scale where cerebral activity with the use of a linear proportional model to 0 denoted ''no sensation'' and 100 denoted ''nearly intolerable remove baseline differences in cerebral blood flow among scans pain '' (Casey et al. 1993 ). This intensity scale has also been used and subjects (Fox and Raichle 1984) . Statistical image analyses in other PET studies (Casey et al. 1994 (Casey et al. , 1996 and was chosen and volumes-of-interest (VOI) analyses were performed on those because it allows scores of both innocuous and noxious stimulus transformed and normalized image sets. The former analysis is intensities and approximately accommodates the different intensity based on a pixel-by-pixel analysis without a priori regional hypothranges for innocuous and noxious heat stimuli (30-45 vs. 45-esis and thus examines all structures and patterns of brain activation 52ЊC). All subjects had received training in the use of this rating caused by the processing of pain. In this analysis, images were scale before the PET study.
further smoothed with a three-dimensional Gaussian filter to improve signal-to-noise ratio . Subsequently, the estimated smoothness in the final subtraction images was 15 mm
Stimulation procedures
FWHM. Areas of significant activation were determined with the use of a statistical model based on a random Gaussian field model A CO 2 surgical laser (wavelength 10.6 mm, Model 20, Directed Energy) was used for radiant heat stimulation of the skin (Perto-(Worsley et al. 1992) . A statistical summation analysis with adjustment for multiple comparisons of intercorrelated pixels was pervaara et al. 1988). The pulse duration was 50 ms and the beam diameter was adjusted to 10 mm (79 mm 2 ). A pulse generator formed by identifying voxels (estimated resels Å 725) with increased rCBF compared with the average noise variance computed triggered the laser at 0.5 Hz. The hairy skin overlying the left brachioradialis muscle 5 cm below the elbow (C7 dermatome) was across all voxels (pooled variance) (Worsley et al. 1992) . Because subtraction images were averaged across multiple subjects, and the stimulated. To avoid sensitization, the beam location was moved for each stimulus.
average noise variance was computed from a large number of pixels, the resultant statistical maps can be well approximated by An electrical stimulator (Grass S88, Cambridge, MA) with a constant current unit (Model CCU 1A) was used to generate 50-a standard Gaussian distribution (Worsley et al. 1992 ). Thus we expressed significance of activation with the use of Z scores. ms square-wave pulses at a frequency of 20 Hz. The electric pulses were applied to the left brachioradialis muscle of the forearm via The critical level of significance was set at Z Å 4.0 (Coghill et al. 1994 ). two disposable 20-mm-long sensory needle electrodes (13R27, 28G, Dantec, Copenhagen, Denmark). The needle electrodes were
The VOI analysis focused on a priori hypotheses that the following structures would be activated by noxious stimuli (Casey et al. uninsulated 3 mm at the tip and were inserted 10 mm apart along the muscle fiber direction (Vecchiet et al. 1993) . This stimulus 1994 This stimulus , 1996 Coghill et al. 1994; Derbyshire et al. 1994; Jones et al. 1991; Talbot et al. 1991) : the contralateral MI/SI, SII, anterior frequency caused a steady muscle contraction without any visible movements.
insula, anterior cingulate cortex, thalamus, prefrontal cortex, lenticby 10.220.33.3 on October 8, 2016
http://jn.physiology.org/ Downloaded from ular nucleus, premotor cortex, and cerebellum. These VOI are in accord with the VOI defined by Casey et al. (1996) . In addition, structures found to be activated by Z score analysis for one type of noxious stimulation (cutaneous or intramuscular) were included as a posteriori VOI only for the other type of noxious stimulation. The size and shape of each VOI was determined within each of the above structures by employing a method similar to that described by Burton et al. (1993) . Voxels showing significant peak increases in rCBF between comparison conditions were identified within each of the brain structures of interest. The volume defined by these voxels was then progressively expanded in three dimensions to include only those contiguous voxels that showed rCBF increases that were significantly greater than the global mean change (P õ 0.05, uncorrected for multiple comparisons). For purposes of comparison, the responses within each VOI are ex-intramuscular electrical stimulation. Scale ranged from 0 to 100, with 70 pressed as the average increase in rCBF within the volume of that denoting ''just barely painful.'' Asterisk: significant difference between VOI. If a peak was not present in a selected region, a VOI template ratings of innocuous intramuscular and cutaneous stimulation (P õ 0.05). derived from previous PET pain activation studies in our laboratory was applied to the images (Casey et al. 1996) . To determine the ties, the cutaneous stimuli were described as warmth or very statistical significance of rCBF increases, a paired t-statistic was faint pricking sensations and at noxious intensities as distinct computed for each VOI from the average percentage increase in cerebral blood flow across all subjects. Levels of significance were stinging, pricking sensations followed by a burning sensation established based on the Bonferroni correction for multiple com-from the skin. In contrast, at innocuous intensities the intraparisons among VOI. Accordingly, the critical level of significance muscular stimuli caused a faint vibratory, pulling sensation was set at P Å 0.008 (critical t 10 Å 2.90, 1-tailed test) for cutaneous in the muscle that, at noxious intensities, was replaced by a stimulation and at P Å 0.006 (critical t 9 Å 3.14) for intramuscular deep and diffuse aching pain around the site of the stimulastimulation to determine the presence of significant average in-tion electrodes that occasionally spread to the wrist. Intracreases in rCBF within each VOI. muscular stimulation at both intensities caused a steady conIn addition to the described analyses, we also performed direct traction of the muscle without any visible movements. The structures, and the inferior parietal cortex based on a posterior tively; the intensities used for intramuscular electrical stimuresults. The critical level of significance was set at P Å 0.005 lation were 1.9 { 0.6 mA and 10.1 { 2.3 mA, respectively.
(critical t 9 Å 4.10, 2-tailed test) because there was no a priori
The ratings of perceived intensity were significantly dehypothesis that cutaneous stimulation would cause larger or smaller pendent on the stimulus intensity [F(1,9) Å 163.19, P õ rCBF changes in any given region than intramuscular stimulation. 0.0001] and on stimulus modality [F(1,9) Å 22.72, P Å To investigate the interconnectivity between pain-related cere-0.001], with a significant interaction between the factors bral structures a post hoc correlation analysis of the rCBF changes [F(1,9) Å 6.25, P Å 0.0339; Fig. 1 ]. The ratings for innocuwas performed. The following five cortical structures and the thalaous cutaneous stimuli were significantly higher than the ratmus were included in this analysis because neuroanatomic studies ings for innocuous intramuscular stimulation (P õ 0.05).
have shown that each structure receives direct projections from However, cutaneous and intramuscular stimuli showed simisomatosensory thalamic relay nuclei: the contralateral MI/SI, SII, anterior insular cortex, anterior cingulate cortex, and inferior pari-lar ratings, near pain threshold, for noxious intensities and etal lobule (Craig et al. 1994; Rob- for differences between noxious and innocuous ratings inson and Burton 1980; Schmamhmann and Pandya 1990; Yasui (P ú 0.05). et al. 1988) . The anatomic studies have also shown extensive interconnectivity among these cortical structures.
PET Statistics
The results from the statistical analyses of rCBF are shown in Table 1 . Table 2 was tested with use of Pearson product-moment correlation in a a mean of 9.4 { 1.3 ml brain tissue. Significant increases 6 1 6 table. Significance was accepted at P õ 0.05. Because of in rCBF to noxious cutaneous stimulation were found in technical problems during one PET scan, data from one subject contralateral SII, anterior insular cortex, thalamus, lateral with intramuscular electrical stimulation was not included in the prefrontal cortex (BA 10/46), inferior parietal lobule (BA final analysis. 40), and ipsilateral premotor cortex (BA 4/6). Noxious intramuscular stimulation caused significant increases in R E S U L T S rCBF in the contralateral SII, anterior cingulate cortex (BA 24), inferior parietal lobule (BA 40), and ipsilateral cerebelPsychophysics lum. A subsignificant activation in contralateral MI/SI (BA 4), anterior insular cortex, thalamus, and lenticular nucleus The cutaneous CO 2 laser stimuli and intramuscular electrical stimuli were perceived differently. At innocuous intensi-was also observed for intramuscular stimulation. For both An overlap between the cerebral processing of skin and with either Bonferroni corrected t-statistics (t ú 2.90, cutaneous laser or t ú muscle pain would be expected because there is a substantial 3.14, intramuscular electrical stimulation) or Z scores (Z ú 4.0).
convergence of nociceptive afferents from deep tissues and from skin onto wide-dynamic-range neurons in the spinal forms of stimuli, a significant decrease in rCBF cord (Foreman et al. 1977; Mense 1993; Sessle 1995) . Furwas observed in the primary and secondary visual cortex thermore, Berkley and Hubscher (1995) have recently pro- (Fig. 4) . vided evidence in rats that different forms of stimuli such The results of the correlation analysis are presented in as visceral noxious and cutaneous innocuous touch stimuli Table 3 . For both cutaneous and intramuscular stimulation converge onto common neurons at higher brain centers. there was a significant positive correlation between rCBF Therefore it is highly likely that skin and muscle pain share increases in the anterior insular cortex and the thalamus some common patterns of neuronal activity within the fore-(r Å 0.792 and r Å 0.806, respectively). For cutaneous stimulation there was a significant negative correlation be- In and VOI analyses. The comparison of noxious cutaneous and intramuscular stimulation also failed to produce a sigStereotactic coordinates (mm) in Talairach space for rCBF peak activation from Z score and volumes-of-interest (VOI) analyses. Values are given nificant Z score (ú4). The greatest Z score was 3.12, with in the following order: medial-lateral relative to midline (positive Å left); a peak located in the dorsal lateral posterior part of thalamus.
anterior-posterior relative to anterior commisure (positive Å anterior); supeThe VOI analysis revealed that the ipsilateral premotor cor-rior-inferior relative to commisural line (positive Å superior). For abbreviatex and, to a lesser degree, the contralateral prefrontal cortex tions, see Table 1 brain. Analysis of the psychophysical data showed signifi-ipsilateral premotor cortex and to a lesser degree the contralateral prefrontal cortex and SII tended to be more activated with the cantly higher ratings of innocuous cutaneous stimulation than of intramuscular stimulation; however, the direct com-cutaneous stimuli and the anterior cingulate cortex was more responsive to the intramuscular stimulation (Table 4) . These parison of these two innocuous conditions showed a complete overlap in the brain activation pattern. Thus the small differences are also apparent when the rCBF changes for cutaneous and intramuscular stimulation are compared in Table 1 . difference in perceived stimulus intensity and the temporal difference between the phasic cutaneous and the tonic intra-The perceived intensity of the noxious cutaneous and intramuscular stimuli was identical and the difference between noxious muscular stimulation could not be detected by the present PET technique. and innocuous ratings was also similar. Thus the observed differences in cerebral activation patterns are most likely due to the The direct comparison of noxious cutaneous and intramuscular stimulation also showed a substantial overlap; however, the type and origin of activated fibers. The processing of skin and muscle pain has been shown to involve different mechanisms in the strength of projection and/or sites of projection in the pericentral cortex (Gandevia et al. 1984) . at the peripheral and at the spinal cord level (Dubner 1995; Mense 1993; Sessle 1995) . In a review of the topic, for example, Mense (1993) cites evidence for differences in the spinal termi-SII nation and supraspinal inhibition of nociceptive afferents from muscle as compared with those from the skin. A comparison of SII has been shown to be activated by painful cutaneous contact heat pain ( Casey et al. 1994 ( Casey et al. , 1996 ; Coghill et al. somatosensory potentials evoked by innocuous stimulation of cutaneous and muscle afferents has also suggested differences 1994; Talbot et al. 1991 ) , cold pain ( Casey et al. 1996 ) , in the processing of pain (Dong et al. 1994 (Dong et al. , 1996 Tables 1 and 2 . stimulus was indeed painful.
* Template from Casey et al. (1996) . † Cutaneous template (see Table 2 ). ‡ Intramuscular template.
Thalamus
Increased rCBF in the contralateral thalamus during noxpainful tooth pulp stimulation ( Hari et al. 1983 ) , and pain-ious heat stimulation of the skin has been observed in other ful stimulation of the nasal mucosa ( Huttunen et al. 1986 ) . PET activation studies (Casey et al. 1994 (Casey et al. , 1996 ; Coghill et It is noteworthy that brain electrical source analyses and al. 1994; Jones et al. 1991) . The cutaneous noxious laser magnetoencephalographic recordings both have indicated stimulation in the present study also caused a significant neuronal activity in an area compatible with the contralat-increase in rCBF in the contralateral thalamus. The intraeral SII, but not in primary somatosensory cortex ( SI ) , muscular stimulation caused a mean rCBF increase of with noxious cutaneous laser stimulation ( Chen and Ç3.6% in the thalamus but, because of large intersubject Bromm 1995; Kakigi et al. 1995; Laudahn et al. 1995 ) . variability, this was not significant. Because the thalamic The significant activation of SII with cutaneous laser and nuclei carry nociceptive information to the cortex (Albeintramuscular electrical stimulation agrees with these pre- Fessard et al. 1985; Casey and Morrow 1983; Craig et al. vious findings. It has been suggested that SI and SII re-1994; Lenz et al. 1995) , one would expect to see a response ceive and process nociceptive information in a parallel in this structure. However, PET studies in chronic pain pafashion and it is possible that, unlike tactile sensations, tients have shown a significant decrease in rCBF in the SII may not require serial transmission from SI for the thalamus (DiPiero et al. 1991; Hsieh et al. 1995; Iadarola et processing of pain ( Coghill et al. 1994 ) . The exact role al. 1995). Chronic changes such as degenerative processes, of SII in the processing of skin and muscle pain is not inhibition of nociceptive inputs, learning, and uncoupling of known. Few ( õ3% ) neurons recorded from SII respond blood flow from neuronal metabolism have been suggested to noxious stimulation ( Robinson and Burton 1980 ) . as causes for the difference in thalamic activation between However, on the basis of clinical observations ( Greenspan acute and chronic pain conditions (Iadarola et al. 1995) . In and Winfield 1992 ) , neuroanatomic data ( Friedman and the present study, the rCBF increases in the thalamus showed Murray 1986 ) , neurophysiological data ( Dong et al. a significant negative correlation with the rCBF in MI/SI 1994 ) , and behavioral data ( Dong et al. 1996 ) it has been during noxious cutaneous stimulation. This result may reflect argued that SII and cortical areas within or adjacent to the the presence of inhibitory thalamocortical interactions. lateral sulcus are important for the integration of sensorydiscriminative aspects of pain and for providing a common Anterior insular cortex circuitry to neuronal networks involved in the affectivemotivational aspects of different forms of pain and in the In the present study, the contralateral anterior insular corspatially directed attention to noxious stimulation ( Ken-tex showed a significant increase in rCBF during noxious cutaneous stimulation and a trend of activation during noxshalo and Douglass 1995 ) . ious intramuscular stimulation. These results are in accord Prefrontal cortex with the consistent activation of anterior insular cortex in
We observed a significant activation in the lateral prefronother studies of cutaneous pain (Casey et al. 1994 (Casey et al. , 1996 ; tal cortex (BA 10/46) during noxious cutaneous laser stimuCoghill et al. 1994) . The anterior insular cortex seems to lation. Prefrontal activation has been seen in previous studies be strongly connected to the processing of cutaneous pain, with noxious cutaneous heat stimulation (Casey et al. 1996 ; because only this structure was significantly activated when Derbyshire et al. 1994; Jones et al. 1991) . The functional scans with noxious heat pain and vibrotactile stimulation significance of this region in the processing of pain is not were subtracted from each other (Coghill et al. 1994) . The known, but it has been suggested that the lateral prefrontal anterior insular cortex also receives input from several areas cortex participates in pain-related cognitive processes (Hsieh associated with the processing of pain such as SI, SII, and et al. 1995) . A recent neuroanatomic study has provided anterior cingulate cortex (BA 24), and from the posterior evidence for a direct connection between the prefrontal corportion of the ventromedial thalamic nucleus (Craig et al. tex and both the basal ganglia and cerebellum (Middleton 1994; ). In and Strick 1994), which are areas shown to be activated by accord with these anatomic projections, we found significant painful stimuli (Casey et al. 1994 (Casey et al. , 1996 . positive correlations between rCBF increases in the anterior insular cortex and the thalamus, SII, and the inferior parietal Premotor cortex lobule (Table 3 ). Because neurons in the anterior insular cortex project to various limbic structures, it is possible that The premotor cortex was significantly activated during noxious cutaneous laser stimulation. Noxious contact heat this region is essential for the integration of ongoing pain with previous experiences of pain and the motivational and has been shown to activate this region (Casey et al. 1994 (Casey et al. , 1996 . The functional significance of this region in the proaffective components of pain (Coghill et al. 1994; Hsieh et al. 1995) .
cessing of pain has not been established. It could not be related to actual movement of the arm, because all subjects remained silent and immobile during the PET scans. Rather, Cerebellum this activation could represent an urge to move the arm The noxious intramuscular stimulation caused a signifi-during the noxious stimulation, because the urge to scratch cant increase in rCBF in the cerebellum. In addition, there an itch causes bilateral premotor responses (Hsieh et al. was a trend for a cerebellar activation during the noxious 1994), as does either the imagining or execution of hand cutaneous stimulation. This is a confirmation of previous movements (Stephan et al. 1995) . results of Casey et al. (1994 Casey et al. ( , 1996 and Hsieh et al. (1995) . The cerebellar activity may be considered a part of motor Anterior cingulate cortex planning during the perception of noxious stimulation and
The anterior cingulate cortex is a region in which all previmay also be related to direct nociceptive projections to the ous PET pain studies have found increases in rCBF (Casey cerebellum (Ekerot et al. 1991a,b; Jie and Pei-Xi 1990 Coghill et al. 1994; Derbyshire et al. 1994 ; Recent evidence has linked the cerebellum not only to motor Jones et al. 1991; Talbot et al. 1991) . The activation in functions but also to higher cognitive functions. The cerebel-the anterior cingulate cortex during noxious intramuscular lum and basal ganglia have access to the prefrontal cortex stimulation is consistent with these findings. The Z score (BA 46) (Kim et al. 1994; Middleton and Strick 1994) . analysis indicated a subsignificant activation in the ipsilateral Chudler and Dong (1995) , after reviewing the literature of anterior cingulate cortex during noxious cutaneous stimulathe basal ganglia and pain, concluded that the basal ganglia tion (rCBF Å 3.4%, Z Å 3.14, see Figs. 2 and 3) . The may be involved in both the sensory-discriminative, af-reasons for the lack of a significant activation in the contrafective, and cognitive dimension of pain in addition to pro-lateral structure are not known, but could be related to a viding modulation and sensory gating of nociceptive infor-large coefficient of variation in rCBF in this region (Table mation to higher motor areas. Consistent with these conclu-1). Bilateral activation of the anterior cingulate cortex has sions and previous PET pain studies, we also noted a strong been demonstrated previously during cold pain (Casey et al. trend for activation in the lenticular nucleus during intramus-1996). The anterior cingulate cortex is a defining structure cular stimulation (Casey et al. 1996; Coghill et al. 1994 ; of the limbic system that is implicated in the processing of Jones et al. 1991) .
affective and reactive components of pain (Melzack and Casey 1968) . Anatomic studies have shown direct projecOccipital lobe tions from thalamic nuclei (Yasui et al. 1988) . Furthermore, anterior cingulate neurons respond to noxious stimulation Another common feature for skin and muscle pain in the (Sikes and Vogt 1993). The anterior cingulate cortex is, present study was the significant deactivation in the primary however, not uniquely associated with perception of pain and secondary visual cortex. The reason for this reduction but is activated by various attention and motor tasks not in rCBF is not known, but similar observations have been related to pain (Hsieh et al. , 1995 Paus et al. 1993 ; presented in other PET pain studies (Derbyshire et al. 1994; Stephan et al. 1995) . Hsieh et al. 1995 Hsieh et al. , 1996 . Involuntary ocular oscillation in the absence of visual input has also been shown to cause a MI/SI significant decrease in rCBF in the occipital lobe (Wenzel et al. 1996) , but the relation of this finding to pain remains A recent PET pain study has shown that cold pain causes significant activation in a region overlapping both MI/SI unclear.
